Connectivity in the Deep: Phylogeography of the Velvet Belly L a n t e r n s h a r k , Deep-Sea Research Part I, http://dx.Abstract 31 The velvet belly lanternshark, Etmopterus spinax, is a deep-sea bioluminescent squaloid 32 shark, found predominantly in the northeast Atlantic and Mediterranean Sea. It has been 33 exposed to relatively high levels of mortality associated with by-catch in some regions. Its 34 late maturity and low fecundity potentially renders it vulnerable to over-exploitation, 35 although little remains known about processes of connectivity between key 36 habitats/regions. This study utilised DNA sequencing of partial regions of the mitochondrial 37 control region and nuclear ribosomal internal transcribed spacer 2 to investigate population 38 structure and phylogeography of this species across the northeast Atlantic and 39 Mediterranean Basin. Despite the inclusion of samples from the range edges or remote 40 locations, no evidence of significant population structure was detected. An important 41 exception was identified using the control region sequence, with much greater (and 42 statistically significant) levels of genetic differentiation between the Mediterranean and 43 Atlantic. This suggests that the Strait of Gibraltar may represent an important bathymetric 44 barrier, separating regions with very low levels of female dispersal. Bayesian estimation of 45 divergence time also places the separation between the Mediterranean and Atlantic 46 lineages within the last 100,000 years, presumably connected with perturbations during the 47 51 marine species being connected by high levels of gene-flow, representing single stocks over 52 large scales. It may also have significant implications for the fisheries management of this 53 species. 54 55 genetics 57 58 349 We would like to thank Trude Thangstad, Merete Kvalsund (Institute of Marine Research, 350 Norway), Cecilia Pinto, Eleonora de Sabata and the scientists and crew of the RV Celtic 351 Explorer for assistance in the collection of samples. References 360 Abercrombie, D.L., Clarke. S.C., Shivji. M., 2005. Global-scale genetic identification of 361 hammerhead sharks: Application to assessment of the international fin trade and 362 law enforcement. Conserv. Genet. 6, 775-788. 363 Aboim, M.A., Menezes, G.M., Schlitt, T., Rogers, A.D., 2005. Genetic structure and history of 364 populations of the deep-sea fish Helicolenus dactylopterus (Delaroche, 1809) 365 inferred from mtDNA sequence analysis. A.M., 2016. Resolving taxonomic uncertainty in vulnerable elasmobranchs: are the 369 Madeira skate (Raja maderensis) and the thornback ray (Raja clavata) distinct 370 species? Conserv. Gen. Online Early, . The stock concept revisited: perspectives on its history in fisheries. Fish. 372
last Glacial Period. These results demonstrate population subdivision at a much smaller 48 geographic distance than has generally been identified in previous work on deep-sea sharks. 49 This highlights a very significant role for shallow bathymetry in promoting genetic 50 differentiation in deepwater taxa. It acts as an important exception to a general paradigm of 1. Introduction 59 The over-exploitation of shelf fish stocks has triggered many fisheries to exploit marine 60 resources at ever greater depths of the ocean (Koslow et al., 2000; Morato et al., 2006) . Yet, 61 the inaccessibility of the deep ocean means our understanding of the ecology of deep-sea 62 organisms can often lag behind that of their pelagic and continental shelf counterparts. This 63 is especially true for chondrichthyans, as their lower commercial value has sometimes 64 resulted in prioritisation of research for higher-value teleosts. Where investigations into the 65 ecology of members of the group have been conducted, they have often focused on large 66 pelagic sharks that are considered particularly vulnerable to exploitation in high seas 67 fisheries (Dulvy et al., 2008; Dulvy et al., 2014) . However, deep-water chondrichthyans (i.e. 68 those occurring below 200 m) are a very diverse group and represent nearly half of the 69 known species of skate, ray, chimera and shark (Kyne and Simpfendorfer, 2010) . 70 Furthermore, work on chondrichthyans more widely has highlighted that their life-history 71 strategies, typically consisting of low lifetime fecundities, slow growth rates, late age at 72 maturity and high longevities, render them especially vulnerable to over-exploitation 73 (Stevens et al., 2000; Simpfendorfer and Kyne, 2009 ). The very limited information on deep- 74 water species suggests they are no exception, with some exploited groups already showing 75 declines and recommendations of zero catch for some species in the northeast Atlantic 76 already in place (Graham et al., 2001; ICES, 2009 ICES, , 2010 Neat et al., 2015) . In the 77 Mediterranean Sea relevant policies are currently in place for managing and protecting 78 vulnerable chondrichthyans, e.g. the GFCM Recommendation GFCM/36/2012/3 (GFCM, 2012) on conservation of sharks and rays. Therefore, there is an urgent need to understand 80 more about the biology, ecology and population structure of deep-water chondrichthyans 81 to make valuable predictions on the long-term effects of fishing and ensure they can be 82 sustainably managed into the future (Cunha et al., 2012) . 83 84 The velvet belly lanternshark, Etmopterus spinax, is a deep-sea bioluminescent squaloid 85 shark that exhibits a distribution across the Mediterranean Sea and Northeast Atlantic 86 Ocean (Compagno et al., 2005; Ebert and Stehmann, 2013) . Its typical bathymetric range 87 within these locations is between 70 and 2000 m, mostly captured between 200 and 500 m, 88 living on the outer continental shelves and upper slopes (Compagno et al., 2005; Neat et al., 89 2015), and on oceanic islands slopes and seamounts (Menezes et al., 2006) . This species is 90 considered vulnerable to over-fishing due to its late maturity with estimated maturation 91 times of four to eight years, females also mature much later and to a greater size than males 92 (Coelho and Erzini, 2008) . Furthermore, the reproductive cycle in E. spinax has been 93 suggested to last two to three years, before viviparous parturition, giving this species a low 94 fecundity (Coelho and Erzini, 2008; Porcu et al., 2014) . Despite this, the species remains 95 common, frequently occurring as by-catch in deep-water fisheries landing crustaceans and 96 teleosts, where it has been exposed to relatively high levels of mortality. Lacking any 97 commercial value and commonly discarded in trawl and longline fisheries, it has been poorly 98 studied (Coelho and Erzini, 2008) . However, recent work investigating density-dependent 99 mechanisms found that the effects of over-exploitation are already evident in E. spinax, with 100 individuals showing a reduction in body size at maturity within the northeast Atlantic due to 101 elevated fishing pressures (Coelho et al., 2010) . In this region it has been assessed as Near Threatened by the IUCN Red List of Threatened Species, as its numbers have declined by 103 almost 20% from 1970 103 almost 20% from to 1998 103 almost 20% from -2004 103 almost 20% from (Coelho et al., 2009 . Although fishing effort has 104 declined in recent years, numbers from the Rockall Trough area have remained low and 105 stable without any indication of recovery (Neat et al. 2015) . 106 107 In fisheries management, sustainable exploitation and conservation depend on solid 108 understanding of connectivity and population differentiation, thereby allowing the 109 identification of discrete populations which represent demographically independent stocks 110 (Booke, 1999) . This study investigates the phylogeography and population structure of E. 111 spinax across the northeast Atlantic and Mediterranean Basin using nuclear and 112 mitochondrial DNA sequencing and joins a relatively small body of work specifically 113 examining connectivity in deep-water sharks, (Veríssimo et al., 2011 (Veríssimo et al., , 2012 Cunha et al., 114 2012; Catarino et al., 2015) . Previous work has suggested little evidence of population 115 structure in members of this group, with gene-flow occurring at all but the largest oceanic 116 distances assessed, which supports the generally held paradigm of high connectivity and low 117 population structure in marine species (Palumbi, 1992; Ward et al., 1994) . This contrasts 118 with increasing indications of significant population structure in some demersal, shelf 119 species (Chevolot et al., 2006; Ovenden et al., 2009 , Griffiths et al., 2011 Gubili et al., 2014) 120 and shares more similarity with studies of large, wide-ranging pelagic sharks that have often 121 only revealed genetic differentiation over broad inter-or intra-oceanic scales (e.g. Pardini et 122 al., 2001; Schmidt et al., 2009) . The velvet belly lanternshark provides an interesting 123 counter-point to previous work on bathypelagic sharks as it represents a more abundant relatively geographically proximate regions of the Atlantic Ocean and Mediterranean Basin, 126 which have been shown to harbour distinct populations or phylogeographic lineages in 127 other chondrichthyan fish (Chevolot et al. 2006; Griffiths et al 2011; Gubili et al., 2011; 128 Catarino et al., 2015) , with the Strait of Gibraltar (12.9 km wide and 284 m deep) proposed 129 as an important barrier to gene-flow in the region (reviewed in Patarnello, et al., 2007) . 130 Therefore, it is hoped that this work will provide further insight into processes of 131 connectivity in the deep-sea and the role of oceanographic barriers to gene-flow i.e. the 132 field of seascape genetics. Table 1 ). Fin clips were collected and immediately stored in 140 absolute ethanol or RNAlater. DNA was extracted using Chelex resin (Walsh et al., 1991) or 141 phenol-chloroform extraction protocol (Sambrook et al., 1989) . The mitochondrial DNA 142 (mtDNA) control region (CR) was polymerase chain reaction (PCR) amplified using primers 143 ElasmoCR15642: 5'-TTGGCTCCCAAAGCCAARATTCTG-3' and ElasmoCR16638: 5' 144 CCCTCGTTTTWGGGGTTTTTCGAG-3' following published conditions (Stonero et al., 2003) . 145 The nuclear ribosomal internal transcribed spacer 2 (ITS2) locus was also amplified using hierarchical AMOVA that found significant variation amongst these groups; p = 0.019, but 181 remained non-significant within these groups; p = 0.286). Initial runs were performed to 195 Overall, 130 partial CR sequences were aligned, comprising 913 base pairs (bp), 28 196 haplotypes and 18 variable sites (Accession numbers: The CR haplotype network further highlights evidence of population structure between the 219 Atlantic and Mediterranean ( Fig. 2a) , with the regions clearly demonstrating different 220 frequencies of haplotypes, including unique haplotypes. This contrasts with the ITS2 221 network, as haplotypes did not assort by location, suggesting a lack of population structure 222 (Fig. 2b ). The PCoA also supports this pattern with clear separation of the Mediterranean 223 and Atlantic samples with the CR, but little evidence of regional structure with the ITS2. , 2015) . Therefore, our results support this general finding of high levels 268 of connectivity in deep-water sharks, but importantly extend these to a species with a much 269 shallower habitat. It is important to acknowledge a limitation that may have some bearing on the results; the 326 ITS2 region is known to have multiple copies, which could potentially complicate the 327 interpretation if paralogues are compared. However, the ITS2 is still widely utilised in 328 phylogeography and has even been shown to produce consistent sequences in 329 elasmobranchs (Lieber et al., 2013 , Garcia et al., 2014 . The fact that few haplotypes were 330 identified at this locus and no significant population structure was detect also means this issue is unlikely to have affected the conclusions. 
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